Background: Though p53 mutations are rare in ES, there is a strong indication that p53 mutant tumours form a particularly bad prognostic group. As such, novel treatment strategies are warranted that would specifically target and eradicate tumour cells containing mutant p53 in this subset of ES patients.
P53 suppresses tumour growth via its diverse cellular activities, including induction of apoptosis, cell cycle arrest, differentiation and senescence (Vousden and Lu, 2002) . Most of these effects reflect the transactivation of a number of genes by p53 acting as a transcription factor, but p53 also activates mitochondrialdependent apoptotic pathways that are independent of p53 transcriptional activity (Green and Kroemer, 2009 ). Activation of p53 leads to apoptosis through either the death receptor pathway or the mitochondrial pathway (Selivanova, 2004) . In the mitochondrial apoptotic pathway, p53 induces several genes including Bax, APAF-1, Puma and Noxa (Miyashita and Reed, 1995; Burns and El-Deiry, 1999; Lowe and Lin, 2000; Nakano and Vousden, 2001; Robles et al, 2001) . TP53 mutations may be associated with an aggressive phenotype and poor prognosis, and some p53 mutants counteract the effects of anticancer agents that attack tumours (Bunz et al, 1999; Poeta et al, 2007) . Given the high frequency of p53 mutations in human tumours, reactivation of the p53 pathway has been widely proposed as beneficial for cancer therapy (Selivanova, 2010) . In addition, several reported structural studies have shown that mutant p53 core domain unfolding is reversible and, as mutant p53 is expressed at high levels in many tumours, it therefore serves as a potential target for novel cancer therapy (Lambert et al, 2010) . Its reactivation will restore p53-dependent apoptosis, among others, resulting in efficient eradication of tumour cells (Tovar et al, 2006) . Wild-type p53 can be induced by small organic molecules such as nutlin-3 inhibiting the p53/MDM2 interaction (Vassilev et al, 2004) . PRIMA-1 (p53 reactivation and induction of massive apoptosis) and its potent methylated analog, APR-246/PRIMA-1 Met , are small molecules that have the ability to convert mt-p53 to an active conformation, thereby restoring its sequence-specific DNA binding and transcriptional activation (Bykov et al, 2002b) . It was reported that PRIMA-1 induces cell death through multiple pathways encompassing transcriptiondependent and -independent signaling (Chipuk et al, 2003) . In vitro and in vivo studies have shown that p53 reactivating small molecules are less toxic to normal cells than to cancer cells and have no significant adverse or genotoxic effects (Stuhmer et al, 2005; Tovar et al, 2006) .
Although about half of all human malignancies harbour dysfunctional, mutated p53 proteins, approximately 90% of all ES retain wild-type p53, and the downstream DNA damage cell cycle checkpoints and p53 pathways remain functionally intact (de Kovar et al, 1993; Alava et al, 2000; Kovar et al, 2003b; Huang et al, 2005) . Exposure of ES cells to Nutlin-3a, a small organic molecule known to reactivate wild-type 53, resulted in a robust apoptotic phenotype that required the presence of wild-type p53 but did not affect the growth of mutant p53 expressing cells (Pishas et al, 2011) . TP53 mutation alone rates high among variables, including p16/p14ARF alteration and tumour stage, predicting poorer overall survival in Ewing sarcoma (de Alava et al, 2000; Lopez-Guerrero et al, 2011) . Multivariate analysis identified alterations of TP53 as an adverse prognostic factor defining a subset of ES with highly aggressive behaviour and poor chemoresponse (Huang et al, 2005) . Therefore, novel treatment options specifically targeting mutant p53 are highly warranted. There is a prospective COG (Children's Oncology Group, USA) study ongoing to validate a retrospective study which strongly suggested that mutant p53 ES constitutes a particularly bad prognostic group (ClinicalTrials.gov identifier: NCT00898053). If data from the retrospective study is confirmed, this would strongly support the need for novel mutant p53 targeting therapeutic strategies in ES.
In this study, we investigated whether the small pharmacological molecule APR-246 is able to reactivate mutant p53 in Ewing sarcoma cells in order to drive tumour cells into apoptosis. Using Ewing sarcoma patients' derived cell lines, we show that APR-246 is able to induce apoptosis to variable degrees independent of the p53 status. We observed that cell lines with similar p53 mutations as well as cell lines established from the same patient at different stages of the disease all exhibited variable responses to the drug. To interrogate the molecular basis for the differential responses to APR-246, we performed comparative transcriptomic analysis on the three STA-ET-7 cell lines established from the same patient. Data analysed revealed genes annotating to p53 and apoptosis pathways whose expression varies between the more APR-246-sensitive and the less APR-246-sensitive cell lines. We propose, therefore, that APR-246 will not be a suitable candidate to consider for targeting p53 mutant Ewing sarcoma.
MATERIALS AND METHODS
Cell lines. The source and propagation of the ES cell lines used in our study has been described in detail previously (Kovar et al, 2003a) . Cells were authenticated by PCR from microsatellites and routinely confirmed by morphology, PCR and immunoblotting. The three STA-ET-7 cell lines were established from tumour tissues of a pathologically proven ES. The STA-ET-7.1 cell line was established from the primary tumour while STA-ET-7.2 was established from a pleural effusion. The STA-ET-7.3 cell line was established from a distant metastasis. The breast carcinoma cell line, MDA-MB-468, was obtained from the American Type Culture Collection (Rockville, MD, USA) and its propagation is described elsewhere (Casey et al, 1991) . The cell lines were grown in monolayer cultures. Exponentially growing cultures at 80% confluence were used in all experiments. The p53 mutation status in the ES cell lines are indicated in Figure 1A and have previously been determined by us (Kovar et al, 1993) . The p53 status in MDA-MB-468 has also been previously reported (Huovinen et al, 2011) and is also indicated in Figure 1A . siRNA transfection studies. STA-ET-7.2 cells were seeded in sixwell plates a day before transfection at a density of 3 Â 10 5 cells per well. The cells were transfected with 50 nmol l À 1 p53 siRNA or scrambled siRNA (Ambion, Applied Biosystems) using Oligofectamine reagent (Invitrogen, Groningen, The Netherlands). p53 knockdown was analysed 24 h after transfection by immunoblot analysis to determine the optimal conditions for p53 downregulation. Subsequently, cells were transfected with either p53 or control siRNAs for 48 h after which they were then treated with 20 mM APR-246 for another 24 h. At the end of these treatments, cells were harvested and subjected to apoptosis assays (Annexin-V staining and FACS analysis) or immunoblot analysis.
Immunoblotting. Total proteins (30-50 mg) were resolved by 8.5-12.5% SDS-PAGE and processed for immunoblotting according to the standard procedures. The following antibodies were used: mouse monoclonal antibody to p53 (DO-1; kindly provided by B. Vojtesek, Masaryk Memorial Cancer Institute, Brno, Czech Republic), mouse monoclonal anti-GAPDH (Ambion, Life Technologies, Austin, TX, USA), mouse monoclonal anti-PARP (BD Biosciences, Stockholm, Sweden). Linear protein quantification was performed using the LICOR Odyssey Infrared Imaging System (LI-COR Biosciences, Bad Homburg, Germany).
Flow cytometry. ES cells were seeded in six-well plates at 2 Â 10 5 cells per well and the next day were treated with APR-246 (0, 10 or 20 mM) or with equivalent volume of medium as control for 24-48 h. After treatments with the drug, the cultures were washed, trypsinised, centrifuged and processed. For apoptosis assay, cells were resuspended in binding buffer and stained sequentially with Annexin-V-FITC and DAPI using an Annexin V-FITC apoptosis detection kit (BD Biosciences), according to the manufacturer's recommendations. Samples were analysed on a FACSCalibur flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA, USA), and data were analysed using FlowJo software (Tree Star, Inc., Ashland, OR, USA). Cells that stained positive for Annexin-V but negative for DAPI were taken as early apoptotic sub-fraction while cells that stained positive for both Annexin-V and DAPI represented the dead sub-fraction. Each experiment was repeated at least three times.
Quantitative real-time RT-PCR. Total RNA was extracted from cells using the RNeasy Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer's recommendations. RNA was transcribed into cDNA using standard protocols. For quantitative analysis, cDNA samples were analysed by Taqman reversetranscriptase PCR (qRT-PCR). Ten nanograms of cDNA were used per reaction, and the expression of Bax, p21, Noxa, Puma and Bcl-2 was performed using the ABI Prism 7900 Detection System (Applied Biosystems, Foster City, CA, USA). Expression levels were normalised to b-2-microglobulin. Reactions were done in triplicate using the Applied Biosystems Universal PCR Master Mix (Applied Biosystems). All procedures were done according to the manufacturer's protocols. The relative expression levels of the genes assessed were calculated by the 2 ( À DDCt) method (Schmittgen and Livak, 2008) . Primer sequences and PCR conditions are available upon request.
Gene expression profiling and data analysis. Gene expression profiles for the three STA-ET-7 cell lines established from the same patient at different stages of the disease were followed on Affymetrix HG-U133 Plus 2.0 arrays (Affymetrix Inc., Santa Clara, CA, USA), and data were analysed essentially as previously reported (Aryee et al, 2010) . Briefly, cRNA target synthesis and Gene-Chip processing were performed according to the standard protocols (Affymetrix Inc.). All further analyses were performed in R statistical environment using Bioconductor packages (Gentleman et al, 2004) . MsigDB (http://www.broadinstitute.org/gsea/msigdb/ collections.jsp) was used to annotate genes as TP53 and apoptosis associated. Gene expression data have been submitted to GEO (GSE 49967).
Statistical analysis. When applicable, the data were analysed using the unpaired t-test with Welch's correction or the nonparametric Kruskal-Wallis analysis of variance or with the onesample t-test using the Prism 5 for Windows (version 5.02) statistical software (GraphPad Prism Software, Inc., La Jolla, CA, USA). Data shown in graphical format represent the means (±s.e.m.). A P value o0.05 was accepted as a significant difference.
RESULTS
p53 expression levels in ES cell lines and TP53 mutation status. Levels of p53 were evaluated in ES cell lines and the breast carcinoma cell line MDA-MB-468 by immunoblot analysis ( Figure 1A ). The mutation status of the cell lines used in this study are also indicated. As PRIMA-1 has been shown to inhibit growth of breast cancer cells (Liang et al, 2009) , we chose as a positive control the non-ES cell line MDA-MB-468, which harbours a p53 mutation (R273H) similar to the ES cell line RM82. The cell lines TC252 (wt-p53), A673 (p53-null) and SK-N-MC (truncated-p53) were included as wild-type and p53 negative controls, respectively.
As shown in Figure 1A , the expression level of mutant p53 in the ES cell lines varied. However, in all the mt-p53 harbouring cell lines, the levels of the protein was higher than in the TC252 (wt-p53) cell line, which was only visualised after longer exposure, and there was no measurable expression of full-length p53 in the p53-null (A673) and p53-truncated (SK-N-MC) cell lines.
APR-246 induces apoptosis in ES cell lines independent of mutant p53 status. It was shown that significant decomposition of PRIMA-1 in cells occurs only after 4 h and just a minor portion of the starting material could be detected after 24 h (Lambert et al, 2009 ), and at high concentrations, APR-246 was reported to exhibit p53-independent effects (Roh et al, 2011) . Consequently, most of our treatments with APR-246 were carried out for 24 h, and we used low concentrations of the drug where we saw an effect on apoptosis induction. Treatment of cells for 24 h with 20 mM APR-246 increased Annexin-V-positive (apoptotic) cells by up to 40% in some ES cell lines ( Figure 1B) . Although the breast carcinoma cell line MDA-MB-468, used as a control, already exhibited a significant induction of apoptosis at 10 mM APR-246, significant apoptosis induction was only achieved with 20 mM APR-246 in the ES cell lines indicated ( Figure 1B) . A slight induction of apoptosis was observed in the wild-type p53 cell line, TC252, whereas no measurable induction was seen in the p53-null cell line A673. PARP cleavage, an indicator of apoptosis induction, is shown in both the wild-type p53 cell line TC252 and the mutant p53 cell line RM82 in a dosedependent manner on APR-246 treatment ( Figure 1C ). This is consistent with the apoptosis induction by APR-246 of the TC252 cell line as shown in Figure 1B and indicates that APR-246 also influences wild-type p53 function.
P53 mutation-independent but cellular-context dependency of APR-246 activity in ES cell lines. In the STA-ET-7.2 and IARC-EW2 cell lines, despite sharing an identical p53 mutation (R273C), response to APR-246 varied ( Figure 1B) . Although IARC-EW2 cells were resilient to the 20 mM concentration of the drug used in our assay, the STA-ET-7.2 cell line exhibited a significant response to this drug concentration. Also, three different cell lines (STA-ET-7: 1-3) established from the same patient at different stages of the disease responded differently to APR-246, with STA-ET-7.2 displaying the highest sensitivity (Figure 2A ). This variability in response to APR-246 implicates the cellular context in these responses. To ascertain whether these variable responses reflect differences in mutant p53 expression, we performed immunoblot analysis to determine p53 expression in these cell lines. As shown in Figure 2A , mutant p53 expression varied only slightly among the three cell lines.
SiRNA knockdown of mutant p53 reduces the apoptosisinducing effects of APR-246 in ES cells. To investigate the role of mutant p53 in APR-246 mediated apoptosis, the effect of APR-246 was tested in the STA-ET-7.2 ES cell line in which mutant p53 was downregulated using siRNA. We transiently transfected ES cells with p53-siRNA or control scrambled-siRNA, treated the transfected cells with APR-246 for 24 h and assessed the fraction of early apoptotic cells (Annexin-V-positive but DAPI-negative) by FACS. Treatment of STA-ET-7.2 cells with APR-246 after transfection with p53 siRNA resulted in a reduced cytotoxicity compared with control siRNA transfected cells ( Figure 2B ). As these responses may depend on the extent of p53 knockdown, we performed immunoblotting (shown in lower panel) on samples to control the extent of p53 knockdown. These results suggest that the growth-suppressive effect of APR-246 in these ES cells is at least partially p53 dependent.
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APR-246 activates p53 target genes and p53-dependent apoptosis. Downstream target genes of p53 are known to mediate its tumour-suppressive activity as well as initiate cell death through apoptosis induction. To test whether APR-246 treatment of ES cells results in upregulation of p53 target genes, levels of classical p53 target genes were evaluated in ES cells before and after APR-246 treatments for up to 48 h. Treatment of the ES cell line STA-ET-7.2 resulted in enhanced Puma and a significant upregulation of cdkn1A/p21 WAF1 as evidenced by increased expression in real-time quantitative RT-PCR analysis ( Figure 3A ). This enhanced activation was abrogated upon siRNA-mediated mutant p53 knockdown ( Figure 3C ). On the other hand, Noxa, a known wild-type p53 pro-apoptotic target, as well as Puma and Bax, were only moderately upregulated in the RM82 cell line while the antiapoptotic gene Bcl-2 was hardly affected by APR-246 treatment as shown in Figure 3A . In the wild-type p53 cell line TC252, expression of the pro-apoptotic gene Puma as well as the classical p53 target cdkn1A/p21
WAF1 were all enhanced upon APR-246 treatment with cdkn1A/p21 WAF1 levels reaching near significance ( Figure 3B ). On the other hand, APR-246 treatment did not seem to influence expression of bona fide p53 targets in the p53-null A673 cells ( Figure 3B ), pointing to the role of p53 in cellular responses to APR-246 exposure in these cells.
Microarray analysis reveals genes differentially expressed among the STA-ET-7 cell lines. To elucidate the molecular basis for the heterogeneity in response to APR-246, the transcriptional profiles of the three STA-ET-7 cell lines were investigated via microarray analysis (Figure 4) . In all, 277 (132 downregulated, 145 upregulated) genes differed significantly (Po0.01, |FC|41) between the STA-ET-7.2 cell line relative to the STA-ET-7.1 and STA-ET-7.3. Also, 106 of these genes were found to be associated with p53 or apoptosis and 17 with both. Subtracting genes that differed significantly between the cell lines STA-ET-7.1 and STA-ET-7.3 from these 106 genes (Po0.05, |FC|40.58) gave 42 genes that are specific for the STA-ET-7.2 cell line (Table 1) and may therefore include putative candidates for the observed differential sensitivity to APR-246. In contrast, although differences in gene expression changes between the three STA-ET-7 cell lines upon APR-246 treatment did not achieve statistical significance, downregulation of one gene, TPM4, in STA-ET-7.2 but not the other two cell lines may be of relevance. Its silencing in MCF7 cells has previously been linked to enhanced sensitivity to tamoxifen (Mendes-Pereira et al, 2012; data not shown).
DISCUSSION
ES is a very aggressive disease and though TP53 mutations are rare in ES, with the majority of tumours expressing wild-type p53 (Kovar et al, 1993; de Alava et al, 2000; Huang et al, 2005) , patients with point mutation of TP53 are associated with a dismal prognosis (Huang et al, 2005) . However, even in the absence of mutation, there is evidence that wild-type p53 may be functionally disabled in Ewing sarcoma as a consequence of the EWS-FLI1 oncogene Histograms represent the mean ± s.e.m. of three independent experiments. A P value o0.05 is considered to be statistically significant. (Ban et al, 2008; Li et al, 2012) . A study of 308 ES cases established that mutant p53 expression was more frequent in disseminated disease than in primary localised tumours, indicating a role in the progression and metastasis of ES (Lopez-Guerrero et al, 2011) . This makes functional restoration of the p53 pathway an attractive therapeutic option in this tumour entity. In the current study, we addressed the possibility of using the small-molecule compound, APR-246/PRIMA-1 Met , capable of reactivating mutant p53 and inducing apoptosis in several different cancer types, to induce cell death in ES cells harbouring different p53 mutants. In this study, we have shown that ES cells exhibit different sensitivities to APR-246 exposure. For instance, three ES cell lines established from the same patient at different stages of the disease (with identical p53 mutation) all reacted variably to APR-246 treatment (Figure 2A) . We also asked whether tumour cell lines with the same mutation will show similar cellular response to APR-246. To address this question, we took three approaches: (1) we used the breast cancer cell line MDA-MB-468 (with the R273H p53 mutation) as a positive control to investigate an ES cell line with identical p53 mutation, RM82, (2) we investigated the response of two ES cell lines, established from different ES patients, with identical p53 mutations and, (3) we studied three cell lines from different tumour materials of the same patient to the same concentrations of APR-246. We observed that response of the cells was unrelated to the mutation type, alluding to the cellular context dependency of the response to APR-246 ( Figure 1B) . To investigate whether induction of apoptosis was mediated via p53 upon APR-246 exposure, we used RNAi to knockdown p53 in mt-p53 cell lines before treatment with APR-246. We found apoptosis induction after APR-246 treatment of the STA-ET-7.2 cell line transfected with p53 siRNA was reduced compared with scrambled siRNAtransfected control cells ( Figure 2B ). We now report that treatment with APR-246 evoked apoptosis to variable extents in mt-p53 ES cell lines and also on the p53 wild-type cell line (TC252) but no measurable effect on a p53-null cell line (A673). It has recently been shown that APR-246 can bind to unfolded wt-p53 and SATB1  GLIPR2  COL9A3  FRY  HOXB2  GSN  APOL6  HSPA12A  KIAA1217   PCSK9  EGER   KANK1  CRISPLD2  CACNA1G  RHOB  FST  ANK3  NTN1  FMOD  ADM  PENK  INSM1  MST4  ENPP4  PCDH7  EPHA2  MAP7D2  ELOVL6  TMEM35  RGS4  FAIM  ARL4A  MYCN  OBSL1  TOX  PIR  SELENBP1  CMBL  VEGFA activate it by inducing correct folding (Lambert et al, 2009) . As the actual mechanism of action of APR-246 is not completely clear (Zandi et al, 2011) , our data corroborate reports showing that APR-246 also affects wt-p53-containing cells. We also observed that APR-246 induced expression of variable sets of classical p53 target genes in ES cells harbouring mutant and wild-type p53 ( Figures 3A and B) . By real-time quantitative PCR assay in the STA-ET-7.2 cell line after APR-246 treatment, we found p21 mRNA to be significantly induced ( Figure 3A) . APR-246 also activated transcription of the pro-apoptotic genes Noxa (PMAIP1) in RM82 and Puma in STA-ET-7.2. The changes in Noxa and Puma mRNA expression observed support the potential activation of the p53-dependent apoptotic pathway by APR-246. In the wildtype p53 cell line, TC252, both Puma and p21 mRNAs were induced by APR-246 treatments, whereas no effect on p53 target genes was seen in the p53-null cell line A673 ( Figure 3B ). Genomewide gene expression analysis performed in the STA-ET-7 cell line triplet revealed, among others, differential expression of genes that annotated to p53 and apoptosis pathways. Among them, overexpression of the gene encoding for apolipoprotein 6 (APOL6), as was observed in STA-ET-7.2, has been shown to induce mitochondrial-mediated apoptosis in colorectal cancer cells (DLD-1) (Liu et al, 2005) . Another gene, PENK, which is highly upregulated in the STA-ET-7.2 cell line relative to the other two cell lines, has been shown to assist stress-activated apoptosis through transcriptional repression of NF-kappaB-and p53-regulated gene targets (McTavish et al, 2007) . Also, some antiapoptotic genes such as PCDH7 (Zhang and DuBois, 2001 ) and MST4 (Sung et al, 2003) are highly suppressed in the more APR-246-sensitive STA-ET-7.2 cell line in comparison to the less sensitive STA-ET-7.1 and STA-ET-7.3 cell lines (Figure 4) . The relative expression levels of these genes among the cell lines could at least be partially responsible for their disparate sensitivities to APR-246 treatment. These results are consistent with the reported capability of APR-246 to restore transcriptional activity to mutant p53 and trigger mutant p53-dependent apoptosis (Bykov et al, 2002a) . This is also in line with the suggestion by Lambert et al (2009 Lambert et al ( , 2010 ) that adducts of the APR-246 conversion product methylene quinuclidinone could create novel protein-DNA contacts, which could affect the choice of target genes. It is also reported that APR-246 could target other proteins in the cell, which might lead to synergistic effects promoting apoptosis rather than growth arrest (Rokaeus et al, 2010) . This notion reflects our finding of the induction of different p53 target genes in different mutant p53 cell lines after APR-246 treatments, notwithstanding the cellular context dependency exhibited by ES cells in response to APR-246. In our real-time quantitative PCR data, we did not observe high induction of Bax mRNA by APR-246 treatment. This corroborates reported results by Chipuk et al (2003) , where they found that Bax-dependent apoptosis induced by APR-246 is mutant p53 dependent but transcription independent. In this study, we also show that there is no association between the type of p53 mutation and the response to APR-246 treatment. It is also speculated that APR-246 can induce ER stress that may cause p53-independent responses (Lambert et al, 2010) . Therefore, cellular responses to APR-246 may not be directly p53 dependent but rather a response to its induced ER stress.
In conclusion, our results suggest that there is variability in functional p53 reactivation by APR-246 in ES cells independent of the p53 status. We also observed that APR-246 variably enhanced the apoptosis-inducing capacity of the chemotherapeutic agent Etoposide, which is currently used in the treatment of patients with ES (data not shown). Although in vivo studies would be required to validate the results, the in vitro data do not support APR-246 as a prime drug to advance into animal and clinical studies. Those genes identified in our gene expression profiling to be differentially expressed between the APR-246-sensitive cell line (STA-ET-7.2) and the less sensitive cell lines (STA-ET-7.1 and STA-ET-7.3) should stimulate further studies to investigate the relevance of these genes as potential biomarkers for stratification for APR-246 treatment. Together, our data downplay the prospect of considering APR-246 as a candidate for the future development of novel treatment modalities for ES patients.
